Chickpea is the second most important legume crop largely grown under semi-arid tropics where terminal drought is one of the major constraints for its productivity. A trait-based selection had been considered more beneficial in drought tolerance breeding to overcome the environmental influence on drought yields. Large number of traits had been suggested in literature, with less indication on their importance and priority, for use in such breeding programs resulting in poor utilization of critical traits in drought tolerance breeding. To identify the most critical traits that contribute to grain yield under drought, 12 chickpea genotypes, with well-defined drought response, were field evaluated by sampling at regular intervals during the cropping period. Large range of variation was observed for shoot biomass productivity, specific leaf area (SLA) and leaf area index (LAI) at different days after sowings (DAS), canopy temperature depression (CTD) at mid-reproductive stages, growth duration and both morphological and analytical yield components. Grain yield under drought was closely associated with the rate of partitioning (p), crop growth rate (C), CTD, phenology, LAI at mid-pod fill stage, pod number m −2 at maturity, shoot biomass at reproductive growth stages and SLA at physiological maturity. The shoot trait(s) were prioritized based on their significance and contribution to drought tolerance. The trait(s) that conferred tolerance varied across genotypes. The order of traits/plant functions identified as important and critical for the drought tolerance were p, C, CTD, growth duration and other related traits. Relatively less important traits were LAI, SLA at the mid reproductive stage and pod number per unit area at maturity. The traits Dr, seeds pod −1 and 100-seed weight were found to be least important. Breeding for the best combination of p and C with the right phenology was proposed to be the best selection strategy to enhance terminal drought tolerance in chickpea.
Introduction
Chickpea is the second most important pulse crop world-wide, with a production of 14.2 million tons from an area of 14.8 million ha and a productivity of 0.96 t ha −1 (FAOSTAT, 2014) . About 90% of this crop is grown rain-fed under receding soil moisture conditions in the post-rainy season after the main rainy season by resource-poor farmers (Kumar and Abbo, 2001 ). The crop growing environment is characterized with varying intensities and Breeding for drought tolerance, using the available chickpea germplasm resources, had provided various genotypes that are early in flowering and escape terminal drought effects thereby ensuring average grain yields and yield stability. Though the drought escape strategy is successfully exploited by the farmers by improving the yield stability considerably (Kumar and Abbo, 2001) , this may fail to utilize the extended growing period when available (Ludlow and Muchow, 1990; Johansen et al., 1997) . In order to raise the average grain yield productivity and to narrow down the supply-demand gap, development of drought tolerant/avoiding cultivars is mandatory. Moreover, such drought tolerant genotypes have been identified in the past by screening accessions of chickpea germplasm, on the basis of yield under DS, that were known to come from drought-prone areas (Saxena, 1987 (Saxena, , 2003 Saxena et al., 1993; Krishnamurthy et al., 2010) . However, to achieve a stable and consistent drought tolerance across environments, constitutive traits or traits that are closely associated with the grain yield under DS need to be considered as a selection criterion rather than grain yield itself, as grain yields are prone to large G × E interaction (Ludlow and Muchow, 1990) . Also, a trait-based breeding increases the probability of crosses resulting in additive gene action (Reynolds and Trethowan, 2007; Wasson et al., 2012) . However, the list of such contributing traits proposed in literature remains very many and unmanageable (Araus, 1996; Richards, 1996; Mitra, 2001; Reynolds, 2002; Ribaut, 2006; Serraj et al., 2009; Hopkins et al., 2009; Jain et al., 2010) requiring rationalization and ranking of these traits on importance (Richards, 1996; Huang et al., 2006; Rauf and Sadaqat, 2008) .
For better success in drought tolerance breeding, the traits of choice need to be causal rather than the effect (Kashiwagi et al., 2006a) and an integrator of the responses to events across the whole life cycle e.g., transpiration efficiency (TE) and partitioning coefficient (Krishnamurthy et al., 2013a,b) . Crop models help in dissecting the grain yield into its components that can be considered more generic and organizationally close to the yield. One such model splits the grain yield as a function of three component traits, viz, crop growth rate, reproductive duration and partitioning coefficient (Duncan et al., 1978; Williams and Saxena, 1991) that are easy to measure in large populations. Also the components of this model are shoot-based and are amenable for selection through other surrogate traits.
Crop growth rate (C) is an integrated expression of both transpiration and transpiration efficiency. Recognition of its importance for drought tolerance, breeding for C had been extensively practiced in wheat and groundnut (Calderini et al., 1997; Wright et al., 1993) . Large-scale field measurements of transpiration and transpiration efficiency are cumbersome. Therefore, surrogate traits for transpiration such as leaf area index (LAI) (Fageria et al., 2010) and canopy temperature depression (CTD) (Fuchs and Tanner, 1966; Jackson et al., 1981; Fuchs, 1990; Jones, 1992; Jones et al., 2002 Jones et al., , 2009 Rebetzke et al., 2013) and for transpiration efficiency, carbon isotope discrimination, specific leaf area index and SPAD chlorophyll meter readings were sought to breed for in various legume crops (Comstock and Ehleringer, 1993; Sheshshayee et al., 2006; Thompson et al., 2007; Nageswara Rao et al., 2001; Bindu-Madhava et al., 2003; Kashiwagi et al., 2006a; Arunyanark et al., 2008) . High heritability and a weak response to environmental variation of harvest index (HI) (Hay, 1995) had made HI suitable as a major trait for improving yield stability under DS. However, HI alone had not been considered as a yield determining trait for selection as high yields under DS were the product of interaction of both C and HI. An independent selection for HI alone was considered to pose the danger of selecting entries with a poor plant biomass potential (poor C) (Wallace et al., 1993) . Therefore, success in selecting for high yield under DS requires a simultaneous selection for both C and HI. HI is a product of two components; i.e. the reproductive duration (Dr) and the rate of partitioning (p) to grains (Duncan et al., 1978; Williams and Saxena, 1991; Gallagher et al., 1976; Scully and Wallace, 1990; Krishnamurthy et al., 1999) . Terminal DS in chickpea, as in many other crops, is known to reduce the growth duration, especially the reproductive phase (Krishnamurthy et al., 2013a) . Chickpea growing environments experience a ceiling to the reproductive growth duration due to progressively increasing terminal DS and heat stress at the final stages of reproductive growth, requiring an increased p, thereby providing the plants to escape the later stress stages with less adverse effects on the yield formation (Krishnamurthy et al., 2013a) . Several plant functions such as increased radiation use efficiency (RUE), non-lodging crop stands, increased sink size (twin pods in each node or smaller leaf size), more terminal branches, synchrony in flowering and greater flower production per unit area can be envisaged as contributing to increased p.
In addition there are several other shoot traits such as photosynthetic efficiency, chlorophyll, content, chlorophyll refraction, ABA content, proline accumulation, stomatal conductance etc. were also been proposed for use in selecting for drought tolerant genotypes. Measuring all the model components and the closely-related major traits under field condition was expected to reveal the level of contribution to grain yield and drought tolerance.
It is not only the shoot traits but also the root traits, their ability and pattern of soil water extraction that are known to contribute to drought tolerance (Cutforth et al., 2013; Bandyopadhyay, 2014; Lynch et al., 2014) . The capacity of various root traits to confer yield advantages under DS and their ranking in importance of conferring drought tolerance from this set of studies have been listed such as RLD → RDp → RSR (Purushothaman et al., 2016a) . Also the soil water uptake, development of drought stress across the whole growth period and the association of soil water uptake with the rooting density across soil horizon in relation to the genotypes and their drought tolerance have been already described (Purushothaman et al., 2016b) . Therefore, in order to complete the series the objectives of this paper were (1) to assess the variation in shoot traits of chickpea with variable drought responses across crop growth stages and drought treatments (2) to assess the shoot traits association with the grain yield under drought and (3) to rank the traits in the order of their importance in conferring drought tolerance to chickpea enabling a targeted drought tolerance breeding.
Materials and methods

Plant material and crop management
Twelve chickpea genotypes viz., ICC 4958, ICC 8261, ICC 867, ICC 3325, ICC 14778, ICC 14799, ICC 1882, ICC 283, ICC 3776, ICC 7184 , Annigeri, and ICCV 10 with close phenology but good contrasts for root development, drought response and canopy temperature (CT) were chosen for this study were field-evaluated on a Vertisol (fine montmorillonitic isohyperthermic typic pallustert) during the post-rainy season, in 2009 78 • 16 E; altitude 549 m) in peninsular India. The water holding capacity of this field in lower limit: upper limit was 0.26:0.40 cm cm −1 for the 0-15 cm soil layer, and 0.30:0.47 cm cm −1 for the 105-120 cm soil layer. The available soil water up to 120 cm depth was 165 mm, and the bulk density was 1.35 g cm −3 for the 0-15 cm soil layer and 1.42 g cm −3 for the 105-120 cm soil layer (El-Swaify et al., 1985) . The field used was solarized using a polythene mulch during the preceding summer primarily to fully protect the crop from wilt causing fungi Fusarium oxysporum f. sp, among other benefits and damages (Sharma et al., 1988) .
The fields were prepared in to broad bed and furrows with 1.2 m wide beds flanked by 0.3 m furrows. Surface application and incorporation of 18 kg N ha −1 and 20 kg P ha −1 as di-ammonium phosphate were carried out. The experiment was conducted in a randomized complete block design (RCBD) with three replications. Seeds were treated with 0.5% Benlate ® (E.I. DuPont India Ltd., Gurgaon, India) + Thiram ® (Sudhama Chemicals Pvt. Ltd. Gujarat, India) mixture for both 2009-10 and 2010-11 seasons. The seeds were hand-sown manually at a depth of 2-3 cm maintaining a row to row distance of 30 cm and a plant to plant distance of 10 cm with in rows with a row length of 4 m on 31 October, 2009 and 20 November, 2010 . About 82 seeds were used for each 4 m row and at 10 days after sowing (DAS) the plants were thinned maintaining a plantto-plant spacing of 10 cm. A 20 mm irrigation through sprinklers was applied immediately after sowing to ensure uniform seedling emergence. Subsequently, plants were grown under two soil water treatments; rainfed (to impose terminal DS) and optimal irrigation (irrigated once in 15-20 days on the basis of previous experience). The plots were kept weed free by hand weeding and intensive protection were taken against pod borer (Helicoverpa armigera).
Canopy temperature measurement
Deviation of temperature of plant canopies in comparison to ambient temperature, known as CTD has been recognized as indicators of overall plant water status (Ehrler, 1972; Blum et al., 1982; Jackson et al., 1981; Idso, 1982) and had been largely used to evaluate plant responses to drought stress (Blum et al., 1989; Royo et al., 2002; Rashid et al., 1999) and cultivar comparison for water use (Pinter et al., 1990; Hatfield et al., 1987) . Higher CTD (positive value) at reproductive duration is found to be one of the selection criterion for drought tolerance. Therefore, the thermal images of plant canopies were captured about once in three days from 63 DAS onwards, when all the genotypes reached the early to mid-podding stage under DS, by an infrared camera, IR FLEXCAM (Infrared Solutions, Inc, USA) with a sensitivity of 0.09 • C and an accuracy of ±2% between 1400 and 1445 h (when maximum VPD is known to occur) from a height of 1.0 m above the canopy. The target area of the image obtained was about 30 × 20 cm at the center of each plot, and the images were captured from north to avoid shading of the target area . The software SmartView 2.1.0.10 (Fluke Thermography Everett, WA, USA) was used for eliminating the ground area reflection and for analyzing the images and the estimation of CT and canopy proportions following the previous report by Zaman-Allah et al. (2011) . Based on the mean CT recorded in any one frame the CTD (=air temperature (T a ) − canopy temperature (T c )) was calculated.
Soil moisture measurement
The TRIME-soil moisture probe was used to measure the available soil moisture content in the field. TRIME access tubes, with a depth of 150 cm and an inner diameter of 4.2 cm, were installed in each plot and the measurements were taken in both the OI and DS to measure the soil water depletion rate during the cropping season (Supplementary Fig. S1 ; Purushothaman et al., 2016b) .
Periodical crop growth measurement
Chickpea plants were harvested, from an area of 0.75 m 2 ,in each plot to comprehend the shoot biomass variation in each genotype. Such samplings were done at 28 (mid-vegetative stage), 51 (early reproductive stage), 84 (close to maturity under DS) and 96 DAS (close maturity of the optimally irrigated crop) in 2009-2010. These samplings in 2010-11 were at 24 (mid-vegetative stage), 37 (late vegetative stage), 48 (early reproductive stage), 58
(mid-reproductive stage), 70 (late reproductive stage) and 80 DAS (close to maturity). The plant components leaf, stem and reproductive parts were separated and dried in a hot-air oven at 70 • C till there were no weight change and the leaf dry weight (LDW), stem dry weight (StDW) and the reproductive parts dry weight were recorded. Besides the dry weights of the components, specific leaf area, leaf area index were also measured.
Specific leaf area (SLA)
The separated compound leaves were placed between two plastic transparent sheets and scanned and the scanned image was used to measure leaf area (LA) by using an image analysis system (WinRhizo, Regent Instruments INC., Quebec, Canada). The leaf samples were then oven-dried to measure leaf dry weight. The SLA was calculated as (=Leaf area (cm 2 )/Leaf dry weight (g)).
Leaf area index
Total LA per square meter ground area was estimated using the leaf harvested from the sampled ground area (0.75 m 2 ). WinRhizo software was used to estimate the LA of the sample harvested. The LAI was calculated as (=Leaf area (m 2 )/Ground area (m 2 )).
Crop phenology
By regular observation, the date when 50% or more of the plants in a plot flowered was recorded as days to 50% flowering time of the plot and when 80% of the pods in a plot were dried was recorded as days to maturity for each plot.
Final harvest
At maturity, plant aerial parts (shoot − fallen pinnules) were harvested from an area of 3.6 m × 8 rows in each plot in both the year. Total shoot dry weights of the harvested sample were recorded after oven drying till constant weight at 45 • C in draught air driers and the total shoot dry weights were recorded. This shoot dry weight was adjusted for an estimated 20% loss of dry matter as pinnule fall (Saxena, 1984; Williams and Saxena, 1991) . Grain weights were recorded after threshing. HI (%) was calculated as 100 × (grain yield/total shoot biomass at maturity). Plants from 0.75 m 2 area were used for the estimation of pod number and seed number m −2 , seed number pod −1 and their weights. 100-seed weight was estimated from these seed weight and numbers.
Crop growth rate, reproductive duration and partitioning coefficient
The time taken for the crop pre-flowering and post-flowering periods was converted to thermal time using temperatures recorded at the meteorological observatory of ICRISAT Asia center. Base temperature (t b ) was taken to be 0 • C (Williams and Saxena, 1991; Singh and Virmani, 1996) and the equation used for calculating thermal time ( • Cd) was:
The crop growth rate (C) in kg ha −1 • Cd and p of each genotype were estimated using the equations: The data recorded for all the phenotypic traits at different crop growth stages in 2009-2010 and 2010-2011 were subjected to one way ANOVA. Significance of means was estimated through F value for each trait. The means derived from the ANOVA were used for correlations, regressions using GenStat software (12th edition) and path coefficient analysis using MINITAB ® Release 14.1 software. Variance components due to genotypes ( 2 g ) and error ( 2 e ) and their standard errors were determined. Here, the treatment (drought) was treated as a fixed effect and the genotype (G) × treatment (T) interaction as random. The variance due to (G) ( 2 g ) and G × T interaction ( 2 gT ) and their standard error were determined. Broad sense heritability (h 2 ) was estimated as h 2 = 2 g /( 2 g + ( 2 e /r)) where r was the number of replications.
Results
Weather and drought patterns
In both the years, the rain received prior to the cropping season was >900 mm, well distributed and more than enough to ensure complete charging of the soil profile. Cessation of seasonal rainfall occurred at 3rd October in 2009-10 and 15thNovemeber in 2010-11. In-season rains summed up to 44 mm during 9-19 DAS in 2009-10 and 12.6 mm during 19-22 DAS in 2010-11 which delayed the onset of drought slightly but the terminal drought stress did built up (data not shown). There was another rain (39 mm) at 75 DAS during 2009-10, but at this stage under drought stress the early or medium maturing accessions crossed the stage of responsiveness. Overall, the minimum temperatures were higher, particularly during the critical third and fourth week of December (flowering and early-podding period), and maximum temperatures were lower during 2009-10 ( Supplementary Fig. S2 ). Relatively cooler minimum temperatures and maximum temperatures at vegetative period were observed in 2010-11. The cumulative evaporation and VPD was higher in 2009-10 compared to 2010-11 ( Supplementary  Fig. S2 ).
Largely, the pattern and the rate of soil moisture depletion remained the same in both the years but the soil moisture depletion was very rapid in 2010-11 season in the initial two weeks as a result of high soil evaporation and a marginally high VPD ( Supplementary  Fig. S2 ). However, the rain that followed at 18-22 DAS minimized the soil moisture depletion. Also this year the soil moisture at harvest was slightly high. There was a large rain at 75 DAS in 2009-10 which raised the surface soil moisture to some extent, benefitted the late genotypes under DS and adversely affected all the genotypes under optimally irrigated treatment but this reverted to the usual dry condition within two weeks.
The extent of variation in shoot traits
Genotypes varied in shoot biomass, SLA and LAI measured at different stages in both drought treatments and years (Table 1) . The trial mean of shoot biomass, SLA and LAI of genotypes across drought treatments were close at the first sampling (28 DAS) in 2009-10 and (24 DAS) in 2010-11 as there was no additional irrigation provided for the optimal irrigation (OI) treatment. The OI treatment received first irrigation at 38 DAS in 2009-10 and 30 DAS in 2010-11. The genotype × drought treatment interaction effect was significant for shoot biomass at the reproductive stage in 2009-10 (Appendix A).
DS decreased the shoot biomass production mainly at the reproductive stages of crop growth than the vegetative stage. Under DS, the shoot biomass produced at 51 DAS in 2009-10 was twofolds high compared to the shoot biomass produced at 48 DAS in 2010-11 due to the rain received at 18 and 19 DAS, enhancing the shoot biomass production (Table 1) . Moreover, this effect was also seen mainly in LAI than in SLA indicating that irrigation seems to increase the leaf number extensively than its area. There were wide range of variations among genotypes for shoot biomass under DS and it widened further with the increasing crop age. In addition, the range of variation among genotypes was high in 2009-10 at 84 DAS (131.3 g m −2 ) compared to 2010-11 at 80 DAS (95.6 g m −2 ). The variation among the genotypes for shoot biomass measured at all the different DAS was significantly different at a p ≤ 0.001 in both the years under DS. The same pattern was also seen under OI in both the years except at 58 and 70 DAS in 2010-11. In both years under DS, every genotype produced moderate or high shoot biomass than the trial mean at some stage of crop growth except for ICC 7184 in 2010-11 as its shoot biomass was lower than the mean across all growth stages. Terminal drought progression was more normal in 2010-11 than in 2009-10 as there were some rainy episodes that intervened with the drought setting in 2009-10. Consequently, genotypic discrimination for shoot biomass and LAI were found to be relatively high in 2010-11. At the vegetative stage in both the years under DS, genotypes ICC 4958, ICC 8261 and Annigeri have produced high shoot biomass than the mean, and ICC 1882, ICC 14778, ICC 14779, ICC 3325 and ICC 7184 produced lower shoot biomass than the mean (Tables 4 and 5) . At reproductive stage, ICC 4958, Annigeri, ICC 8261, ICCV 10, ICC 14778 and ICC 14799 have produced high shoot biomass than the mean, and ICC 3776 and ICC 7184 have produced lower shoot biomass than the mean. Across all the crop growth stages, genotypes ICC 4958, ICC 8261 and Annigeri have produced high shoot biomass and, ICC 7184 has produced low shoot biomass compared to the mean. In summary, the shoot biomass production and LAI were not high for the highly drought tolerant (ICC 14778), drought tolerant (ICC 14799 and ICC 3325) and drought sensitive genotypes at vegetative stage. But, such a lead developed at the reproductive stage for the drought tolerant genotypes while the drought sensitive genotypes continued to have low shoot biomass across stages.
The heritability of shoot biomass was high and ranged from 0. 
The extent of variation in CTD
Large range of variation among the accessions for CTD was found at all times of observations. Also the genotypic variation among the accessions was different at p ≤ 0.001 in all the sampling times, across drought treatments and years. The genotype × drought treatment interaction was significant for CTD measured at 81 DAS in 2009-10 (Appendix A). Though the range and the heritability of the CTD under DS at 81 DAS in 2009-10 and 82 DAS in 2010-11 was relatively high, this observation needs to be considered with caution as some of the accessions like ICC 4958 and Annigeri had already matured and had a warmer canopy whereas others were still relatively cooler. As a consequence this final sample recorded the highest values and range in canopy temperature. Under DS, (i) high range of genetic variation, (ii) best differentiation (widest range) in CTD, (iii) prevalence of challenging stress opportunity (as indicated by the highly negative overall mean CTD at the sampling time), and high heritability (Table 2) had occurred at both 66 and 70 DAS in 2009-10 and at 70DAS in 2010-11. Most of these performances reduced at 76DAS in 2009-10 and 72 DAS in 2010-11, respectively. Under OI, the range of genetic variation, differentiation in CTD, heritability (Table 2 ) indicated no clear change pattern as seen under DS. However, the high range of genetic variation, best differentiation in CTD and high heritability had occurred at 70 DAS in 2009-10 and 63 DAS in 2010-11. Since the maturity was delayed by 15-20 days, OI environment seems to provide extended periods of time for CTD sampling when the periods proximal (before and after) to irrigation were avoided.
Irrigations can reduce the canopy temperatures to a great extent and these differences can narrow down with the time after irrigation. Irrigation had brought down the canopy temperature, by 10.5 • C two days after irrigation at a stage of 81 DAS in 2009-10 and by 8.1 • C six days after irrigation at 82 DAS in 2010-11 compared to the DS crop. In contrast, it had brought down the canopy temperature only by 3.7 • C 12 days after irrigation at 76 DAS in 2009-10 and 17 days after irrigation by 3.5 • C at 72 DAS in 2010-11, thus indicating that the level of canopy cooling can vary to a great extent depending upon the time of canopy temperature sampling in relation to the irrigation time.
The extent of variation in crop phenology, shoot biomass, grain yield and its components
The overall means for each drought treatment across years showed that DS reduced the days to 50% flowering and days to maturity (Table 3) . Overall, the DS hastened flowering by 5 days in 2009-10 and by 7 days in 2010-11 and the less hastening in 2009-10 was due to the early stage rainfall and the delayed stress buildup. Whereas DS hastened maturity by 21 days in 2009-10 and by 13 days in 2010-11. Genotypes varied significantly in days to 50% flowering and days to maturity both in 2009-10 and 2010-11. ICC 4958 and Annigeri were the earliest, ICC 283 and ICC 1882 were little longer than the early ones in crop phenology. The remaining genotypes were medium in duration. The genotype × drought treatment interaction was found to be significant for crop phenology in both the years (Appendix A). The heritability values were high for the days to 50% flowering and for days to maturity under DS whereas it turned out to be less and moderate when irrigated. This was mostly due to a rain that was received immediately after the last irrigation causing variations due to excessive vegetative growth and lodging in some genotypes. Under DS, both the shoot biomass and the grain yield produced at maturity were slightly higher during 2009-10. DS reduced the grain yield by 4 and 45% and the shoot biomass by 46 and 47% at maturity during 2009-10 and 2010-11 seasons, respectively (Table 3 ). The meager reduction in grain yield in 2009-10 is more due to a poor irrigation response caused by a rainfall immediately following the last irrigation. Highly significant variations were found for the shoot biomass as well as grain yield among the genotypes, except for shoot biomass in 2009-10, and these variations were about 1.5-fold for the shoot biomass at maturity and 2-fold for grain yield among the accessions tested under DS. Under OI these variations were about 1.2-1.3 fold for the shoot biomass (Table 3) . The genotype × drought treatment interaction was found to be significant for grain yield in the year 2010-11 (Appendix A).
Under DS, the genotypes that produced greater shoot biomass were the early and strong rooting kabuli ICC 8261, the drought tolerant ICC 14778 and the drought sensitive ICC 3776. Additionally, only in 2010-11, two other drought tolerant genotypes ICC 867 and ICC 3325 and the well adapted genotype ICCV 10 produced greater shoot biomass (Tables 6 and 7 ). Early and weak rooted ICC 283 and the best adapted Annigeri have produced the least shoot biomass across the years. The genotypes that produced consistently greater grain yield under DS were the two drought-tolerant genotypes ICC 867 and ICC 14778 and the best adapted genotype ICCV 10. Early large rooting ICC 4958, drought tolerant ICC 3325 and another best adapted genotype Annigeri yielded higher only in 2010-11. And the genotypes that produced consistently lesser grain yield under DS were the two drought-sensitive genotypes ICC 3776 and ICC 7184 along with the kabuli ICC 8261.
Heritability indices were high for the grain yield and moderate for shoot biomass under both drought treatments and year (Table 3 ). In general, the HI was relatively poor under OI. In 2009-10 a mean HI of 47.9 under DS was reduced to 26.6 under OI. Similarly in 2010-11, it was 45.5 under DS compared to 43.8 under OI, indicating that DS enhanced the HI compared to OI in both the years and the enhancement was much higher in 2009-10 primarily due to over watering under OI. The genotypic distribution for HI followed similar pattern as that of the grain yield under both drought treatments and years (Tables 6 and 7 ). The variation among the genotypes for HI was significant at <0.001 level and the heritability were also high across drought treatments and years (Table 3) .
The pod number m −2 was low in 2009-10. Under DS pod number m −2 was 562.2 in 2009-10 compared to 807.2 in 2010-11. Under OI it was 675.1 in 2009-10 compared to 1420 in 2010-11. There was a huge range of variation among genotypes for pod number m −2 . The year wise difference and the genotypic variation of seed number m −2 were closely similar to the pod number m −2 trend. The seed pod −1 followed a directly opposite trend compared to the traits pod number m −2 and seed number m −2 as DS slightly improved the seed pod −1 compared to the OI in both the years. There were minimal differences between the drought treatments for 100-seed weight in both the years. The variations among the genotypes for pod number m −2 , seed number m −2 , seed pod −1 and 100-seed weight were significant at p ≤ 0.001 level and the heritability were also high across drought treatments and years. Moreover, the genotype × drought treatment interaction was found to be significant for pod number m −2 and 100-seed weight in the year 2010-11 (Appendix A).
DS reduced Dr and C but increased the p (Table 3 ). In 2009-10, the Dr, C and p were 938.2, 2.29 and 0.852 under DS compared to 1332, 3.42 and 0.413 under OI, respectively. In 2010-11 these were 954.4, 2.40 and 0.745 under DS compared to 1157, 3.79 and 0.694 under OI, respectively. The genotype × drought treatment interaction was found to be significant for Dr and p in the year 2010-11 (Appendix A).The heritability values ranged from moderate to high for Dr and C, and high for p across drought treatments and years.
Shoot traits contribution to grain yield
In 2009-10, the direct contribution of shoot attributes measured at peak vegetative (28 DAS), early pod filling (51 DAS) and at near maturity stages (84 DAS) on grain yield was not consistent and changed from positive to negative depending on the crop growth stage (Fig. 1A and B) . In 2009-10 under DS at 28 DAS, the correlation coefficients of all the shoot traits with the final grain yield were positive and nonsignificant but under OI these coefficients were nonsignificant and negative except for the SLA association. In 2009-10 under DS, though the direct effect path coefficients of SBM and SLA were substantially negative, the total contribution had turned positive through the major direct positive contribution by LAI (Fig. 1A) . Under OI, SLA had exhibited a trend of positive correlation coefficient with grain yield though its direct effect was negative (Fig. 1B) . This change was caused by LAI through its positive contribution making the total contribution of SLA to grain yield positive. At 51 DAS, the pattern of contribution and direct effects of shoot traits on grain yield were similar as seen at 28 DAS sampling with a few exceptions under both OI and DS. Also, the contribution of LAI and SLA to the grain yield had remained to be high under DS than under OI. At 84 DAS, when most genotypes were near maturity under DS, the contribution of LAI to grain yield become negative under both drought treatments as these genotypes that retained more leaves were relatively longer in duration and poorer in grain yield. SLA had contributed the highest in both direct contribution and indirectly through LAI to the grain yield. Under DS, though the direct contribution of SBM to grain yield was positive, the correlation coefficient had turned negative by the influence of greater negative indirect effect of LAI (data not shown).
In 2010-11, all the shoot traits measured at various growth stages (24, 37, 48, 58, 70 and 80 DAS) showed largely nonsignificant positive correlation coefficients with the grain yield except for SBM at 24 DAS and LAI at 80 DAS, as these were negative in correlation coefficient under DS (Fig. 3A and B) . Under OI, this correlation was negative with SBM and LAI at 24 DAS. Generally these correlation coefficients became positive and larger with the advance in growth stage. SBM after 58 DAS showed larger correlation coefficients particularly under DS though these were marginally short of significance. LAI at 58 DAS was closely and positively correlated with grain yield under both drought treatments. SLA at 80 DAS under DS was closely correlated with the grain yield. Under DS, LAI alone had a positive direct contribution to grain yield among the other shoot traits till 58 DAS and SBM and SLA had a clear negative direct contribution. But the contribution pattern of all these three components reversed from 58 DAS. Under OI, the direct positive contribution of SBM and SLA was highest at 80 DAS though such a trend has got set in since 58 DAS onwards.
Contribution of CTD to grain yield
In 2009-10, the correlation coefficients of the CTD were positive at all the samplings under both drought treatments and highly significant except at 81 DAS ( Fig. 2A and B) . Under DS, the positive direct contribution of CTD was the highest at 70 DAS, followed by at 66 DAS. Under OI, the positive direct contribution of CTD was highest at 70 DAS with a significance level of p ≤ 0.001. In addition, the CTD at 76 and 81 DAS were also significantly correlated with grain yield at <0.01 and <0.001 levels, respectively. Though the direct contribution of CTD to grain yield was highly negative at 81 DAS, the large positive indirect contribution of 70 DAS had resulted in a positive association with grain yield at this stage.
In 2010-11, the correlation coefficients of the CTD were positive at all the samplings under both drought treatments except for the 82 DAS sample under DS ( Fig. 2A and B) . Under DS, the positive direct contribution CTD was highest at 72 DAS, followed by 63 DAS. Under OI, the positive direct contribution of CTD was highest at 63 DAS, followed by 70 and 82 DAS with the significance level ranging from p ≤ 0.01 to p ≤ 0.001.
In both the years, under DS, the CTD of initial three samples have had highly significant correlations with the grain yield. And this significance had extended even up to the last sample under OI.
Contribution of crop phenology to grain yield
Crop phenology (days to 50% flowering and the maturity) was negatively correlated with grain yield across drought treatments and years except for days to maturity under OI in 2009-10 ( Fig. 3A  and B) . Under DS, the days to 50% flowering had positive direct contribution to grain yield and the days to maturity had a high negative contribution to it, explaining the negative correlation coefficients in both the years (Fig. 3A) . Under OI, the days to 50% flowering had a negative direct contribution to grain yield and the correlations were significant at p ≤ 0.01 in both the years (Fig. 3B) . The days to maturity showed a positive direct contribution in 2009-10, and a high negative direct contribution to grain yield in 2010-11. The correlation of days to maturity with grain yield was significant at p ≤ 0.05. The phenological reactions under OI in 2009-10 was different due to the rain following the last irrigation.
Contribution of shoot biomass, HI and morphological components to grain yield
In terms of association with the grain yield or by contribution to grain yield, the yield components shoot biomass at maturity, HI and pod number m −2 were important. The other three yield components, seed number m −2 , seeds pod −1 and 100-seed weight has had minimum contribution or role in grain yield determination (Fig. 3A  and B ). There were trends of positive association of shoot biomass at maturity with grain yield irrespective of the drought treatments but it was significantly correlated only under OI in 2010-11. HI was very closely associated with grain yield in both irrigation regimes and years and also the contributions were positive and large at all environments. Pod number m −2 was also positively correlated whereas it was significant under both drought levels only in 2010-11. Seed number m −2 was also positively correlated whereas it was only significant under DS in 2010-11. Seeds pod −1 was negatively correlated whereas it was only significant in 2009-10 under both drought regimes. 100-seed weight was not generally correlated but for the indication of positive association under DS in 2009-10. Under DS in both the years, shoot biomass at maturity had a large positive direct contribution to grain yield but this did not result in significant correlation (Fig. 3A) mainly due to an influence of large negative indirect effect by HI (data not shown). Higher shoot biomass production, in many of the later maturing genotypes, did not reflect in grain yield by the poor partitioning. The path coefficient of HI showed a high direct positive and a highly significant contribution to grain yield at p ≤ 0.001 (Fig. 3A) . This was possible due to the indirect contribution of pod numbers per unit area (data not shown). The occurrence of large negative direct effect of seed number m −2 results in a nonsignificant correlation with grain yield. Seeds pod −1 had a positive direct effect on grain yield which could not affect the correlation mostly due to negative indirect contribution of seed number m −2 . 100-seed weight had a small positive contribution that was largely suppressed by the negative indirect contribution by pod number m −2 and seeds pod −1 (data not shown). Also under OI, closely similar pattern of association of all the shoot traits to the final grain yield can be seen (Fig. 3B) . But the major difference was the absence of major negative indirect contribution of HI to shoot biomass and therefore the shoot biomass association was significant with final grain yield. But the direct contribution of shoot biomass itself was low compared to the DS.
In summary, in both the years and drought treatments, the HI had a consistent direct positive contribution as well as a highly significant correlation with grain yield. In addition, the shoot biomass, pod number m −2 also often had a consistent positive direct contribution leading to a significant correlation with grain yield with some exception.
Contribution of analytical components to grain yield
In both the years and drought treatments, the analytical component p had the closest association with grain yield explaining the highest levels of yield variation. Also this trait had provided the best positive direct contribution to the grain yield ( Fig. 3A and B) . The other two components provided a negative indirect contribution to grain yield through p (data not shown).
In both the years and drought treatments, the analytical component C had a close association with grain yield except under DS in 2010-11. Also C had provided a positive large direct contribution to the grain yield across drought environments and years ( Fig. 3A and  B) . The component p tend to provide a major negative indirect contribution to grain yield under DS while Dr provided a major negative indirect contribution to grain yield under OI (data not shown).
In both the years and drought treatments, the analytical component Dr had a loosely negative, mostly nonsignificant, association with grain yield except under DS in 2010-11. But Dr had provided a positive large direct contribution to the grain yield across drought environments and years ( Fig. 3A and B) . The component p tended to provide a major negative indirect contribution negating the positive contribution of Dr to grain yield (data not shown).
Discussion
Shoot traits contribution to drought tolerance
Under DS, the extent of shoot biomass produced at vegetative growth stages negatively influence grain yield but the shoot biomass produced at reproductive stages tend to have positive influence. But when irrigated no such clear influence on grain yield was noticeable. The composition of the genotypes in this study and the large positive effects of LAI explain this effect. The early large rooting genotypes, ICC 4958 and ICC 8261, produced the best shoot biomass at the early stages but their grain yield was the least in ICC 8261 and not the best in ICC 4958 due to its early phenology fixing a ceiling on the potential yield and limits the crop's ability to exploit extended growing periods (Serraj et al., 2004) . Also the vegetative stage LAI had a massive positive influence through shoot biomass on grain yield but the final association turned to be neutral. However, at reproductive stages the direct effects of both the shoot biomass and the SLA turned largely positive and their associations with the grain yield was significant. However, all these discussions indicate that vegetative stage shoot biomass is not the single trait to concentrate in drought tolerance breeding (Arradeau, 1989; Bidinger and Witcombe, 1989; Olaoye, 1999) . Greater shoot biomass at maturity had been recognized to lead to greater grain yields and greater drought tolerance in chickpea (Rosales-Serna et al., 2004; Fenta et al., 2012; Kashiwagi et al., 2015) and greater biomass partitioning to grains had been found to produce the best drought tolerance (Duncan et al., 1978; Scully and Wallace, 1990; Rao, 2001; Beebe et al., 2008; Davies et al., 2000; Ainsworth et al., 2011; Jogloy et al., 2011; Krishnamurthy et al., 2013a) .
SLA had responded to DS with a reduction as an adaptive measure and with no genotypic deviation. But there were large genetic variation for SLA. The highly drought tolerant genotype ICC 867 had the highest SLA at all the growth stages and drought sensitive genotypes had the least with very few exceptions. But a clear genetic aligning of SLA with drought reaction had not been noticeable. SLA offered substantial direct negative effects on grain yield at the vegetative stages that changed to direct positive effects at the reproductive stages. But the correlations improved with the advances in growth stage to become significant at close to maturity only in the intense DS year. SLA is well known to be a drought tolerance indicator in many crops (Nigam et al., 2005; Arunyanark et al., 2008; Jongrungklang et al., 2008; Pimratch et al., 2008) but a smaller SLA is considered to be advantageous in groundnut facing more of an intermittent DS (Wright and Hammer, 1994; Nageswara Rao et al., 2001; Painawadee et al., 2009 ) and other crops (Brown and Byrd, 1996; Pita and Pardos, 2001; Ciordia et al., 2012) . A lower SLA becomes advantageous for a less water loss and a more C exchange ensuring plant survival. But under terminal drought stress as seen here in chickpeas the strategy seemed to be different. Drought tolerant leaf expansion seemingly lead to a greater leaf area and a greater drought tolerance (De Costa, 1998) . DS had reduced LAI by almost half during the reproductive stages of crop growth and there were no drought × genotypes interaction. Also there had been a large genetic variation for SLA. Unlike SLA, no clear association of LAI with drought reaction was noticeable at any growth stages. LAI offered large direct positive effects Table 7 Phenology, grain yield, morphological and analytical yield components of 12 diverse genotypes of chickpea both under drought stressed and optimally irrigated conditions in a Vertisol during 2010-11 post-rainy season. on grain yield at the vegetative stages that turned into a positive association once at 58 DAS both under DS as well as under OI. LAI is an adaptive trait. Plants lose their leaves rapidly to get adjusted to the soil water environments well. However, it is clear that amongst the three shoot traits used for testing their contribution to grain yield LAI can be rated as the most important.
Genotypes
Contribution of CTD to drought tolerance
CTD is a crop response to drying soils and environment. This functional aspect cannot be rated as a trait but can be considered as an integrated response of both the roots ability for soil water acquisition and the stomatal conductance (Jackson et al., 1981; Jones et al., 2002 Jones et al., , 2009 Lopes and Reynolds, 2010; Rebetzke et al., 2013) . Its application and use had been recent but it had been well accepted as a reliable selection tool to assess the overall plant water status, continuance of stomatal conductance and canopy transpiration. Under DS best differentiation (widest range) in CTD, large number of genotypes exhibiting highly negative CTDs (warmer canopies) as an indication of suffering the consequences of water deficit and a close association of CTD with drought yields had been listed desirable at the time of sampling for the best estimate of drought yields or drought tolerance (Zaman-Allah et al., 2011; Belko et al., 2012; Rebetzke et al., 2013) . Its usefulness as a selection tool had been well demonstrated also in chickpea but appearance of such an association had been temporal . The CTD measurements made at different times had been brought together for a separate path analysis to propose the best time of measurements. In this study, the best association of CTD with grain yield has been seen to occur at both 66 and 70 DAS in 2009-10 and at 63, 70 and 72 DAS in 2010-11 . Such an association started to disappear from 76 DAS onwards in 2009-10 and 82 DAS in 2010-11. In wheat, CTD has been found to be associated with not only the grain yield but also with shoot biomass and HI at the reproductive stage (Rebetzke et al., 2013) . The best adapted genotypes Annigeri and ICCV 10 maintained a CTD close to the mean at all the stages of samplings except for an insignificant increase at 82 DAS in 2010-11. Previous findings had supported the inference that active root functioning at this stage had been responsible for the cooler canopy and a greater drought avoidance . Such suggestions of active water extraction, through prolific and deep root systems, playing a major role in keeping the canopy cooler for a longer time also had been made in other crop species Lopes and Reynolds, 2010; Rebetzke et al., 2013) . The CTD of ICC 4958 was clearly lower than the mean from 70 DAS in 2009-10 and 72 DAS in 2010-11 (data not shown) . This early large rooting genotype was the shortest in duration and escaping the major part of the terminal DS (Saxena, 1987; Gaur et al., 2008; Kumar and Abbo, 2001) . When the measurements were done this genotype was already in an advanced stage of growth approaching maturity with the root and shoot partly senesced that led to the lower CTD or warmer canopy. But this was an artifact of 'delayed observation' as far as ICC 4958 is concerned. However, ICC 4958 displayed other characteristics for rating it as a successful drought tolerant genotype.
The contribution of CTD to grain yield under OI, did follow a similar pattern of genetic variation but the OI mean remained high (or the canopy was substantially cooler) compared to the DS indicating the constituent nature of CTD influencing traits. Based on the significant association with grain yield, CTD measured at 70 DAS in 2009-10 and 63 DAS in 2010-11 found to be the most suitable time for estimating grain yield. In wheat, while screening for heat tolerance, 10 days after anthesis was found to be the critical time for the best discrimination of genotypes through their CTD differences (Gowda et al., 2011) . Since the maturity was delayed by 15-20 days by OI, enhanced soil moisture seems to provide an extended period of time for measuring CTD when the periods that are proximal (before and after) to irrigation were avoided.
4.3. Contribution of crop phenology, shoot biomass and harvest index to drought tolerance DS reduced both the number of days to 50% flowering and days to maturity compared to OI (Krishnamurthy et al., 2013a) as observed in many other crops such as in soybean (Desclaux and Roumet, 1996) , wheat and barley (McMaster and Wilhelm, 2003) . The length of both these phenological stages had a negative contribution to grain yield, and the contribution was found to be significant for days to maturity indicating lesser the reproductive duration greater the grain yield. In soybean, severity of water deficit at anthesis had been found to reduce grain yield significantly through increased pod abortion (Liu et al., 2003) .The genotypes used in this study contain both early and medium duration ones. Genotypes that are early in duration had been considered to fit well with the available season and the quantity of available soil water (Saxena, 1987; Gaur et al., 2008; Kumar and Abbo, 2001 ). However, the growing duration of highly tolerant genotypes were slightly longer than the early ones, and were capable of yielding higher by using the available extended growing period (Johansen et al., 1997; Bolanos and Edmeades, 1996; Krishnamurthy et al., 2010 ).
An increased shoot biomass production at maturity is considered to be one of the key requirements for drought tolerance (Krishnamurthy et al., 1999 (Krishnamurthy et al., , 2013a Serraj and Sinclair, 2002; Richards et al., 2002) . The direct effect of path coefficient and the correlation between shoot biomass and grain yield in this study was positive but didn't attain a significant level mainly due to the indirect influence of HI and pod number m 2 under DS. Moreover, consistency of HI's association with grain yield indicates its importance across environments (Viola, 2012; Fischer and Edmeades, 2010; Krishnamurthy et al., 1999 Krishnamurthy et al., , 2010 Krishnamurthy et al., , 2013a Rehman, 2009; Ribaut et al., 2009) . Increased shoot biomass with equally greater HI had been suggested to be a drought tolerance indicator and this combination of traits was incorporated in many other studies successfully. Maintenance of higher shoot biomass production under DS was through maintenance of greater C or greater transpiration (Passioura, 1994; Kashiwagi et al., 2006b Kashiwagi et al., , 2013 and maintenance of higher HI was through efficient water use during post-flowering period by the deeper and profuse root system (Wasson et al., 2012; Krishnamurthy et al., 2013a; Kashiwagi et al., 2015) .
Contribution of morphological yield components to drought tolerance
Among the morphological yield components, pod number m −2 under DS was found to have a positive association with grain yield or drought tolerance in this study. Similar positive associations had been reported not only under DS but also under other abiotic stresses like salinity (Zeng and Shannon, 2000) and heat (Krishnamurthy et al., 2011a; Viola, 2012) . For example, in this study genotype ICC 14778 performed consistently greater in pod number m −2 than the mean across drought treatments and years. And this ability in setting increased number of pods had helped it also to be a superior genotype for the best grain yields under terminal DS and yield stability (Acosta-Gallegos and Adams, 1991; Silim and Saxena, 1993; Loss and Siddique, 1997; Rehman, 2009; Krishnamurthy et al., 2013a) . On the other hand, 100-seed weight had offered a significant negative influence on pod number m −2 in this study balancing the pod number's contribution. Previous researches had also suggested that increased pod number to link well with a reduced seed size under DS (Saxena and Sheldrake, 1976) . It is necessary to avoid these traits' interaction, by selecting both for increased pod number m −2 and higher 100-seed weight simultaneously.
Contribution of analytical yield components
DS had specifically reduced Dr indicating its vulnerability and can be expected to exert proportionate grain yield losses (Krishnamurthy et al., 2013a) . When water is not limited for T, canopy temperatures are known to be cooler and remain close to 25 • C deviating heavily from the ambient temperatures. Cooler temperatures and shorter photoperiods are known to encourage suppression of reproductive growth (Roberts et al., 1985) . Conversely, soil water deficit and enhanced temperatures had been known to hasten the reproductive processes but with a proportionately reduced final plant productivity. Selective shortening of reproductive growth phase is commonly observed not only in response to DS (Krishnamurthy et al., 2013a) but also in response to heat or salinity stress (Krishnamurthy et al., 2010 (Krishnamurthy et al., , 2011a (Krishnamurthy et al., , 2011b ).
Contribution of Dr to grain yield was negative in all the environments except under DS in 2010-11. OI had increased C. However, C had a significant contribution to grain yield in both the drought treatments and years. Among the studied genotypes, large root genotypes (ICC 4958 and ICC 8261) had a high C and, the small root (ICC 1882 and ICC 283) and the drought sensitive genotypes (ICC 3776 and ICC 7184) had a lower C. The crop growth rate had been suggested to be considered as a trait for water harvesting since the total water use, viz. total T, had strong correlations with the total crop productivity (Udayakumar et al., 1998; Condon et al., 2002) . Compared to the small root producing genotypes or the drought sensitive genotypes, the large rooting genotypes seemed to have the advantage of greater water extraction which reflects in an increased total T resulting in greater C under DS .
Analytical components Dr and p together constitute HI (Jogloy et al., 2011; Krishnamurthy et al., 1999) . Therefore, any effort to maintain a higher HI under water deficit needs to aim for a much greater p to compensate for the loss of Dr so as to keep the yield gap reduced. The realization of the importance of p and the approach of selection for enhanced p or HI is not new (Adams, 1982; Duncan et al., 1978; Scully and Wallace, 1990; Jogloy et al., 2011; Krishnamurthy et al., 1999 Krishnamurthy et al., , 2013a . The association of p with grain yield was close irrespective of the drought treatments or year. Also the direct contribution of p to grain yield had remained the highest leading to a high total contribution despite the large indirect contribution of C and Dr. Measurement of p is simple and any yield evaluation field trial is sufficient to record the required parameters. It is well realized that many interacting traits contribute to drought tolerance with their importance shifting with the level of stress intensity (Tardieu, 2012) . The advantage of p, as a complex resultant state of various processes, is that it could be improved through many of the traits operating simultaneously. Surprisingly, this trait possesses the best h 2 surpassing even the estimates for the phenological observations (Krishnamurthy et al., 2013a) . The range of genetic variation for p was found to be high. The p of the highly drought tolerant genotype ICC 14778 and the widelyadapted genotype ICCV 10 were the highest and highly consistent explaining their superior grain yields particularly under DS. Both the drought sensitive genotypes (ICC 3776 and ICC 7184) and the kabuli genotype (ICC 8261) had the lowest p. When p was regressed with the grain yield, it explained 76-82% of the grain yield variation. This shows the constitutive nature of this trait meriting consideration in drought tolerance breeding.
Considering collectively the appearance of direct effects, closeness and consistency of the correlations with the grain yield under DS and the relatively better appearance of these responses under DS and the heritability these traits can be arranged in the following order of priority for use in drought tolerance breeding. p (HI) → CTD → C (shoot biomass at maturity) → Phenology → LAI (mid-pod fill stage) → pod numberm −2 → shoot biomass (reproductive growth stages) → SLA at physiological maturity.
The traits Dr, seeds pod −1 and 100-seed weight did not qualify for consideration due to inconsistency in association and the lack of substantial direct effects towards grain yield or no effects and null contribution.
Conclusion
The genotypes, selected for contrasts in various drought response traits, varied widely for growth characteristics and traits but the detection of their association depended upon the growth stage of measurement and soil water status. The order of traits or the plant functions that were identified as important and critical for the drought tolerance are the rate of partitioning (closely related to HI and CTD), C (related to shoot biomass productivity at maturity) and the right phenology. Second order and relatively less important traits are a high LAI, high SLA at the mid reproductive growth stage and a large pod number per unit area at maturity. CTD or allied measuring methods in a critical stage of reproductive growth dependent on soil water can indicate drought tolerance closely. The traits Dr, seeds pod −1 and 100-seed weight did not show any meaningful association with drought tolerance. It is suggested that breeding for the best combination of p and C with the right phenology can result in best CTD and the grain yield under terminal drought. 
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